In the present study, we contrast oscillatory brain activity during the production of subjectively more versus less original ideas. A sample of 26 participants worked on two verbal creativity problems and subsequently rated the produced ideas with respect to their originality. On the basis of these self-ratings, ideas were divided into a more and a less original list within each participant. Cortical activity was assessed by means of event-related changes in EEG power (synchronization and desynchronization) and phase locking in two alpha bands. Analyses revealed that more, as compared with less, original ideas elicited a stronger event-related synchronization of alpha activity (power increases from the pre-stimulus reference to the activation interval) and higher phase coupling in the right hemisphere. These findings corroborate the importance of right-hemispheric cortical networks in creative idea generation.
Creativity, usually defined as "a kind of novelty that is useful, valuable and generative" (Stokes, 1999) , has long been viewed as a complex and unsearchable trait. Unlike classic cognitive ability constructs such as reasoning, working memory, or intelligence, research on creativity is comparatively rare. This holds particularly true for research on possible brain mechanisms of creative thinking, which, however, has increasingly attracted attention in the past few years (e.g., Bowden, Jung-Beeman, Fleck, & Kounios, 2005; Dietrich, 2004; Fink, Grabner, Benedek, & Neubauer, 2006) . Current neuroscientific research on creativity has been stimulated by early psychological concepts such as Kris's (1952) supposition of primary process cognition, Mendelsohn's (1976) hypothesis of defocused attention, and Mednick's (1962) assumption of associative hierarchies. Creative individuals are believed to be more capable of shifting between secondary (abstract, logicanalytical) and primary (e.g., dreaming or reverie) modes of thinking or to "regress" to primary process cognition, which is necessary for producing novel, original ideas. Creative individuals are also characterized by "flat" (more and broader associations to a given stimulus) instead of "steep" associational hierarchies (few, common associations to a given stimulus) and can attend to more things at the same time (i.e. defocused attention) instead of just narrowly attending to a single task or event. According to Martindale (1999) , primary process cognition, defocused attention, and flat associational hierarchies are more likely to occur if an individual is in a state of low cortical arousal. In line with this hypothesis, Martindale and Hasenfus (1978) found that highly creative individuals showed lower levels of cortical arousal than low-creative participants during an inspirational phase (i.e., thinking of a story) but not during an elaboration phase (i.e., writing down the story).
Brain correlates of creative thinking are also reported in studies that focus on the key concept of creativity, that is, divergent (as compared with convergent) thinking (Guilford, 1950 (Guilford, , 1967 . Typically, in the divergent thinking mode, a given problem can be tackled in different ways, whereas in the convergent thinking mode, the single best answer to a given problem (e.g., intelligence test task) needs to be uncovered. Mölle, Marshall, Wolf, Fehm, and Born (1999) , for instance, asked their participants to name as many unusual uses of a common, everyday object or to think of as many consequences as possible of a given hypothetical situation (i.e., divergent thinking task); in the convergent task, a row of letters had to be continued. The authors reported a higher EEG complexity during the divergent than the convergent task, which could be indicative of a larger number of independently oscillating neural assemblies during divergent thinking. Jausovec (2000) administered different creativity tasks and found more alpha power and stronger functional couplings in highly as compared with average creative individuals (see also Petsche, 1996; Razoumnikova, 2000) . Recently, found that the production of highly original ideas-rated by independent judges-is related to higher task-related increases in alpha power, most prominent in centroparietal cortices.
Recent research in this domain mainly focuses on possible brain states related to the subjective experience of "insight" (JungBeeman, 2005; Kounios et al., 2006) . The term insight delineates the experience of "eureka!" or "aha!" that accompanies the clear and sudden understanding of how to solve a given problem. Jung-Beeman et al. (2004) , for instance, analyzed cortical activation patterns during the performance of a compound remote associate task. Participants were presented with three words (e.g., pine, crab, sauce) whereupon they were asked to find one further word to form familiar compounds (or phrases) with each of the three words (e.g., apple: pineapple, crabapple, applesauce). After each correct solution, participants had to indicate whether they had solved the problem with or without insight (subjective "aha!" experience). EEG analyses revealed higher levels of alpha power in insight relative to noninsight solutions, most prominent over right-hemispheric posterior regions of the cortex. Besides its role during the experience of insight (see also Bowden & JungBeeman, 1998 , the importance of the right hemisphere in creativity has also been emphasized during divergent thinking (Razoumnikova, 2000) , creative story generation (Howard-Jones et al., 2005) , and nonverbal creativity, such as imagery and visual art (Bhattacharya & Petsche, 2005) .
In the present study, we further analyze possible brain correlates of creative thinking. More precisely, based on recent findings regarding EEG correlates of insight, we contrasted cortical activity during the generation of subjectively more versus less original ideas. To this end, participants were required to rate the originality of their own ideas in two creativity problems. Brain activity was measured by means of an event-related approach that allows investigation of the dynamics of functional network formation during cognitive information processing (event-related synchronization and desynchronization, ERS and ERD; Pfurtscheller & Aranibar, 1977; 2005) . In contrast to evoked EEG activity (i.e. event-related potentials), which can be regarded as (time-and phase-locked) responses of a quasi-stationary system to an event, this measure of (time-locked) induced activity refers to functional changes (increases or decreases) in the oscillatory brain activity that can be seen in close relation to the underlying neural networks (Lopes da Silva, 2006; Lopes da . In addition to ERS and ERD, which represents a measure of reactivity of EEG power (or amplitude, respectively), we also assessed synchronous activity between different cortical areas by computing the extent of eventrelated phase locking between pairs of electrodes (cf. Lachaux, Rodriguez, Martinerie, & Varela, 1999) .
Method

Participants
Thirty-six participants (18 male, 18 female) were tested in the present investigation. Ten participants had to be excluded from further analyses because of massive EEG artifacts and/or too few trials (ideas) rated as more vs. less original (i.e., less than two artifact-free trials below or above the individual median rating). The remaining sample consisted of 26 participants (14 male, 12 female) whose ages ranged from 22 to 49 years (M ϭ 35.15, SD ϭ 8.03). All participants were healthy and right-handed, gave written informed consent, and were paid for their participation in the EEG session.
Experimental Task
Participants worked on two verbal creativity problems (adapted from the Torrance Tests of Creative Thinking [TTCT]; Torrance, 1966) while the EEG was recorded.
1 Prior to the EEG sessions, we conducted several pilot studies in order to select the most suitable tasks (e.g., task constraints should be low in order to allow for a large number of ideas; tasks should facilitate the oral expression of ideas in a very succinct way; for further details see Fink, Benedek, Grabner, Staudt, & Neubauer, in press ). The participants were presented the following two unusual situations, that is, situations that are in need of explanation: (a) "a light in the darkness" and (b) "Person A is lying, Person B is sitting, and Person C is standing." Participants' task was to think of different explanations for the presented situation with the explicit instruction to produce as many and as original solutions or ideas as possible.
2 Prior to the presentation of the aforementioned problems, the participants were familiarized with this task by presentation of the following example: "Person A wears only designer clothes" (possible solutions: "attaches importance to good quality," "is the owner of the designer company" "is sponsored by this company," etc.).
The task started with the presentation of a fixation cross for a time period of 15 s (see Figure 1) . Subsequently, both test items were presented on a computer screen for 3 min each. For task presentation, a PC with a response-console consisting of an "idea" and an "enter" button was used. Participants were instructed to press the idea button whenever they had an idea. After pressing the idea button, a message appeared on screen asking them to vocalize their idea (recorded by the experimenter) and to confirm it with the enter button, upon which the stimulus reappeared on screen. After working on the task (i.e., after two 3-min periods), the produced ideas were presented to the participants, whereupon they were required to judge the (subjective) originality of each idea on a 5-point rating scale ranging from 1 (highly original) to 5 (not original at all).
3
EEG Recording and Parameter Calculation
The EEG was measured by means of gold electrodes located in an electrode cap in 33 positions (International 10 -20 Electrode Placement System); a ground electrode was located on the forehead, and the reference electrode was placed on the nose. To register eye movements, an electrooculogram (EOG) was recorded in a bipolar fashion between two gold electrodes diagonally placed above and below the inner and outer canthus, respectively, of the right eye. This electrode placement allows for detecting both vertical and horizontal eye movements with only one EOG channel. The EEG signals were filtered between 0.1 and 100 Hz; an additional 50-Hz notch filter was applied to avoid power line 1 Overall, participants were confronted with five divergent thinking tasks that have been used in former studies on creative thinking (Fink, Benedek, Grabner, Staudt, & Neubauer, in press; Fink, Grabner, Benedek, & Neubauer, 2006; . We selected this creativity task for the present investigation because participants produced a large number of ideas in this task (M ϭ 22.85, SD ϭ 7.65), which could subsequently be rated by them with respect to subjective originality (see below). Moreover, this task displayed sufficient psychometric quality (i.e., reliability and validity) in a behavioral pilot study (N ϭ 104).
2 Examples for (subjectively) more versus less original responses to the unusual situation "A light in the darkness": more original: "jellyfish in the deep sea," "dark-skinned person, only eyes visible"; less original: "candle," "lights of a car."
3 It is important to note that the participants did not know in advance that they would be required to rate the originality of their ideas after the EEG session.
contamination. Electrode impedances were kept below 5 k⍀ for the EEG and below 10 k⍀ for the EOG. All signals were sampled at a frequency of 512 Hz. To obtain reference-free EEG signals, we applied the local average reference (LAR) method to the raw data (Thickbroom, Mastaglia, Carroll, & Davies, 1984) . Reference-free signals are computed by averaging the signals of all surrounding electrodes (taking into account the actual interelectrode distances) and subtracting that value from the signal at the center electrode. The application of this method has demonstrated considerable improvement of the spatial resolution of the EEG data. This holds particularly true for ERS and ERD data in the upper alpha (above 10 Hz; e.g., Grabner, Fink, Stipacek, Neuper, & Neubauer, 2004) and lower alpha (below 10 Hz; e.g., frequency range. However, the LAR method is restricted in that boundary electrodes give unsatisfactory results and should not be analyzed (Pfurtscheller, Neuper, & Berger, 1994) . Data were analyzed with g.BSanalyze software (g.tec, Schiedlberg, Austria). All data were digitally filtered with a 50-Hz low-pass fast Fourier transform (FFT) filter; moreover, to correct electrode and amplifier drifts from the raw data, we calculated and subtracted a moving exponential window (512 samples, with an overlap of 511 samples).
For EEG analyses, we used a 10-s time interval during the presentation of the fixation cross (reference interval) as well as a 1-s time interval 250 ms before the idea button was pressed (activation interval). Artifactual epochs (due to eye blinks, eye movements, muscle artifacts, etc.) were determined by visual inspection and excluded from further analyses. High-vs. loworiginal trials (ideas) were determined by a median split of the self-ratings for each participant and each problem (trials with ratings equaling the individual median rating were excluded). The average number of remaining (artifact-free) trials (aggregated over both items) was 5.31 (more original) and 5.65 (less original).
Event-related power changes in the alpha band were determined by means of the event-related (de-)synchronization (ERS/ERD) approach. This method, originally proposed by Pfurtscheller and Aranibar (1977) , has proved to be a useful and appropriate technique for measuring the level and the topographical distribution of oscillatory cortical activity during cognitive task performance (Neuper & Klimesch, 2006) . Empirical research generally demonstrates good correspondence between ERS/ERD topography and the underlying cortical activity (e.g., visual processes result in ERD localized to the occipital area, speech is characterized by left hemispheric ERD over frontal and temporal regions, hand and foot movement is reflected in ERD over contralateral motor areas, verbal working memory processes are associated with left hemispheric frontal cortices, cf. Bastiaansen & Hagoort, 2003; Pfurtscheller & Lopes da Silva, 2005) .
EEG band power (in microvolts squared) within a lower (8 -10 Hz) and an upper (10 -12 Hz) alpha frequency band was calculated for the reference interval and the activation interval (A) of each trial by filtering the EEG signals with FFT filters. Next, the band power in the activation (A) intervals was averaged over all (valid) trials within each rating category. Eventually, the amount of eventrelated (de-)synchronization was computed according to the following formula: %ERS/ERD ϭ [(A-R)/R] ϫ 100. Increases in alpha band power from the reference to the activation interval are reflected in positive values (ERS), whereas task-related decreases are expressed in negative values (ERD). Thus, by relating the band power during an activation interval to a pre-stimulus reference interval, a measure of functional changes in oscillatory EEG activity induced by an event or a task is obtained that is moreover independent of individual EEG power differences in certain frequency bands (see also Klimesch, 1999) . In the present context, it is important to highlight that the alpha band power in the activation intervals of both rating categories refers to the same reference interval. Consequently, any differences in the ERS/ERD responses during the production of more versus less original ideas cannot be due to differences in the pre-stimulus reference band power (i.e., baseline EEG activity). Additional control analyses in the lower and upper alpha band revealed that the reference band power did not significantly differ between the hemispheres and analyzed electrode positions.
Phase locking (coupling) between selected electrode pairs was calculated according to the phase-locking value (PLV) method described in Lachaux et al. (1999) . The applied algorithm first bandpass filters the EEG channels and then computes the convolution with a wavelet centered at a specific frequency. The phase of the convolution is extracted and is used to measure the PLV. We calculated PLVs for both reference and activation intervals within each trial in the lower (center frequency ϭ 9 Hz; bandwidth ϭ 2 Hz) and upper (center frequency ϭ 11 Hz; bandwidth ϭ 2 Hz) alpha frequency bands, separately for more and less original trials. Similar to correlation coefficients, PLVs vary between 0 (independent signals, no phase coupling) and 1 (constant phase lag between two signals, perfect coupling). As we were particularly interested in phase-locking changes induced by the experimental task, we calculated event-related PLV by using the same formula as for quantification of %ERS/ERD (for a similar approach, see Spiegler, Graimann, & Pfurtscheller, 2004) . Consequently, positive eventrelated PLVs indicate increases in phase locking from the refer- ence to the activation interval, whereas negative event-related PLVs reflect decreases.
Procedure
At the beginning of the EEG session, two 2-min EEG sequences under resting conditions were recorded, the first with eyes closed, the second with eyes open. Next, the participants started to work on the experimental tasks. Further two 2-min resting EEG sequences (with eyes closed and eyes open, respectively) were recorded at the middle of the entire EEG session. In total, the EEG session took about one hour.
Statistical Analyses
To investigate differences in ERS/ERD and event-related PLVs, we computed analyses of variance (ANOVAs) for repeated measures with originality (high vs. low) as a within-subject variable; analyses were conducted separately for both frequency bands. In all analyses, degrees of freedom were corrected for violations of the sphericity assumption by means of the Greenhouse-Geisser procedure; the probability of a Type I error was maintained at .05.
Results
Event-Related Synchronization/Desynchronization
The repeated measures ANOVA design in the lower and upper alpha frequency band included the within-subject factors originality (high vs. low), hemisphere (left vs. right), and electrode (frontal: F3, F4; central: C3, C4; parietal: P3, P4).
In general, only power increases from reference to activation interval (ERS) were observed. The ANOVA in the lower alpha band revealed a significant interaction between originality and hemisphere, F(1, 25) ϭ 6.21, p Ͻ .05, 2 ϭ .20. As depicted in Figure 2a , more original ideas were accompanied by considerably larger ERS in the right hemisphere than the less original ideas, whereas no difference was apparent in the left hemisphere.
In the upper alpha band, only a significant main effect of hemisphere emerged, F(1, 25) ϭ 7.09, p Ͻ .05, 2 ϭ .22, suggesting higher ERS in the right hemisphere (70.36%) as compared with the left hemisphere (29.00%). No other main effects or interactions reached statistical significance in both frequency bands.
Event-Related Phase-Locking Values
The analyses of originality effects on event-related phase locking were conducted in three steps: First, we analyzed interhemispheric phase locking for frontal, central, and parietal positions (similar to the ERS/ERD analyses). Thus, we computed repeated measures ANOVAs with originality (high vs. low) and electrode pair (frontal: F3-F4; central: C3-C4; parietal: P3-P4), separately for the lower and upper alpha bands. In neither ANOVAs did effects reach statistical significance. As a next step, we analyzed intrahemispheric long-distance (frontoparietal) phase locking by calculating repeated measures ANOVAs with originality and hemisphere (left: F3-P3; right: F4 -P4), again yielding no significant effects.
Moreover, we examined intrahemispheric short-distance phase locking in anterior and posterior cortices. The repeated measures ANOVA design for anterior cortices consisted of the following within-subject variables: originality hemisphere and five electrode pairs (left hemisphere: 1. AF3-F3; 2. FC5-F3; 3. FC1-F3; 4. AF3-FC5; 5. AF3-FC1; right hemisphere: 1. AF4 -F4; 2. FC6 -F4; 3. FC2-F4; 4. AF4 -FC6; 5. AF4 -FC2). In the lower alpha band, two significant effects emerged: an interaction between originality and hemisphere, F(1, 25) ϭ 4.88, p Ͻ .05, 2 ϭ .16, indicating higher event-related PLV in more original (36.70%) than in less original (19.10%) responses in the right hemisphere, whereas in the left hemisphere no notable difference emerged (24.56% vs. 27.73% for more vs. less original responses). This two-way interaction was additionally moderated by the electrode pair variable, F(4, 100) ϭ 2.99, p Ͻ .05, 2 ϭ .11. As depicted in Figure 2b , the aforementioned phase-locking difference between more and less original responses in the right hemisphere is primarily due to the right-hemispheric electrode pairs 4 (AF4 -FC6) and 5 (AF4 -FC2; see Figure 2c ).
In the upper alpha band, only a significant main effect of hemisphere emerged, F(1, 25) ϭ 8.97, p Ͻ .01, 2 ϭ .26, pointing to higher task-related phase locking in the right (24.10%) than in the left (4.56%) hemisphere.
Repeated measures ANOVAs of similar design for posterior cortices including parietal electrode pairs (left hemisphere: 1. CP5-P3, 2. CP1-P3; 3. PO3-P3; 4. CP5-PO3; 5. CP1-PO3; right hemisphere: 1. CP6 -P4; 2. CP2-P4; 3. PO4 -P4; 4. CP6 -PO4; 5. CP2-PO4) yielded no significant effects, in either the lower or the upper alpha band.
Discussion
The present findings demonstrate that ideas subjectively rated as more original can be neurophysiologically distinguished from ideas subjectively rated as less original. This holds true solely for the lower alpha frequency band (8 -10 Hz), which is known to predominantly reflect unspecific, attentional task demands, such as basic alertness, vigilance, or arousal (Klimesch, 1999) . In the upper alpha band (10 -12 Hz), which is believed to selectively respond to more specific (semantic memory or intelligence-related) demands (e.g., Grabner et al., 2004; , only main effects of hemisphere were found, suggesting generally higher ERS and phase locking during divergent thinking in the right hemisphere.
First, more (as compared with less) original ideas were accompanied by higher event-related synchronization (increases in lower alpha power) in the right hemisphere. This finding conforms to the observed right hemispheric alpha power increase in the subjective experience of insight (experience of "aha!") as compared with noninsight during problem solving (Bowden et al., 2005; Jung-Beeman et al., 2004) and further corroborates the importance of right hemispheric cortices in verbal creativity (e.g., Howard-Jones et al., 2005; Razoumnikova, 2000) . In particular, the right hemisphere is believed to work in a more parallel or holistic processing mode, in contrast to the sequential, logic-analytical processing mode commonly assigned to the left hemisphere (e.g., Martindale, Hines, Mitchell, & Covello, 1984) . Similarly, on the basis of prominent psychological conceptualizations of creativity (Kris, 1952; Mednick, 1962; Mendelsohn, 1976) , it has been argued that the right hemisphere operates in a more free-associative, primary process manner, typically observed in states such as dreaming or reverie. According to recent neuroscientific research, righthemispheric cortices are assumed to be specifically engaged in more coarse semantic coding by weakly and diffusely activating alternative or more distant associations (Jung-Beeman, 2005; see also Bowden & Jung-Beeman, 1998; Faust & Lavidor, 2003) , whereas fine semantic coding (e.g., focusing activation on features related to the dominant or literal meaning of words) presumably takes place in the left hemisphere. As the administered experimental task required participants to engage widely distributed representations in producing highly original explanations for the presented abstract situations, the right hemisphere effect may likewise reflect a diffuse engagement of the coarse semantic network. This tentative interpretation is also compatible with the currently discussed role of alpha band ERS in enhancing internally driven mental operations or top-down processes by inhibiting sensory (e.g., bottom-up) or conflicting operations (Cooper, Croft, Dominey, Burgess, & Gruzelier, 2003; Klimesch, Doppelmayr, Schwaiger, Auinger, & Winkler, 1999 ; but see also Pfurtscheller, Stancak, & Neuper, 1996) . Future research is needed to elucidate which specific cognitive processes that are also related to frontal and/or righthemispheric cortical activity (e.g., attentional control, monitoring, episodic retrieval; Collette & Van der Linden, 2002; Habib, Nyberg, & Tulving, 2003) are involved in this kind of creative thinking.
Second, comparisons of event-related phase locking between more and less original ideas only revealed higher short-distance PLV between right anteriofrontal and frontocentral electrode sites. On the one hand, this finding supports the view of the frontal cortex as a key brain region in creative thinking (for reviews, cf. Dietrich, 2004; Heilman, Nadeau, & Beversdorf, 2003) . Areas of the frontal cortex, for instance, are supposed to underlie cognitive flexibility necessary in divergent thinking, to provide attentional resources in making novel ideas conscious (the insight experience), and to be involved in the evaluation of the appropriateness of an idea. The location of PLV differences (lower alpha) and higher overall PLV (upper alpha) in the right hemisphere, moreover, may be associated with the aforementioned semantic language processes during task performance. For instance, Howard-Jones et al. (2005) required participants to create stories from a few words and instructed them either to be creative or to be uncreative in performing this task. FMRI analyses revealed that creative (as compared with uncreative) story generation was accompanied by activation in righthemispheric frontal areas, whereas the reversed contrast (uncreative Ͼ creative) uncovered activation mainly in the left hemisphere. Hence, a cooperation of functional systems in the right frontal cortex (e.g., supporting episodic retrieval, monitoring, or attentional control) appears plausible in divergent semantic processing. However, in contrast to previous coherence studies (e.g., Jausovec, 2000; Petsche, 1996) neither interhemispheric nor long-distance PLV differences between more and less original ideas emerged. This may be attributed to both differences in methodological approach (e.g., comparison of highly and average creative individuals; Jausovec, 2000) and differences in the measure of functional coupling (coherence measures including both amplitude and phase information). Therefore, the present event-related PLV findings should be regarded as preliminary and await replication.
Nevertheless, the present investigation provides some evidence that the production of subjectively more versus less original ideas in verbal creativity problems is associated with different patterns of oscillatory brain activity. In general, creative ideation seems to be associated with (event-related) increases in alpha power (see also Fink, Benedek, et al., in press; Fink, Grabner, et al., 2006; . Moreover, as an extension of current neurophysiological approaches to insight (e.g., Bowden et al., 2005) , the present findings point to the importance of right-hemispheric cortical networks in creative cognition, which may likewise require rather coarse semantic information processing.
